Background-Various factors aVect gastric wound healing. The influence of physical stimulation on gastric mucosal cells during the process of gastric wound healing is not completely understood. Aims-To assess the role of a physical stimulant, in this case mechanical strain, on gastric mucosal restoration. Methods-Mechanical strain was applied to adherent rat gastric mucosal cells (RGM1) cultured confluently on collagen type I coated silicone elastomer membrane in order to increase the dimension by an average of 5% and 10% at 5 cycles/minute for 72 hours after wounding. Repair of the wound was monitored every 12 hours for up to 72 hours using an inverted phase contrast microscope. Cell proliferation was detected using 5-bromodeoxyuridine staining. The cytoskeletal protein actin, a component of focal adhesion plaque protein, vinculin, and the small GTP-binding proteins RhoA and Rac1 were detected by immunohistochemistry in the cells located at the margin of and remote from the wound. Results-The cells located at the margin of the wound showed the greatest migration and proliferation and were found to express more rudimentary lamellipodia and filopodia in the absence of mechanical strain. Vinculin, RhoA, and Rac1 were also strongly expressed in the wound margin. Under conditions of mechanical strain, the speed of migration of cells slowed and fewer proliferating cells were detected around the wound in a strain strength dependent manner. Lamellipodial formation, vinculin, RhoA, and Rac1 were poorly expressed in the same area. However, in cells located more than 1 mm from the wound edge, cytoskeletal rearrangement, and the expression of vinculin, RhoA, and Rac1 were not influenced by mechanical strain. Conclusions-Migration and proliferation of RGM1 cells in culture during wound healing were inhibited by mechanical strain, which caused dysfunction of the cytoskeletal and cell adhesion systems. It is suggested that physical stimulants such as mechanical strain may play a role in gastric wound healing in vivo by modifying cellular migration and proliferation. (Gut 1999;45:508-515) 
It is well known that liquid is emptied from the stomach more rapidly than solid food.
1 This indicates that the duration of gastric distention after food ingestion is shorter in animals fed on a liquid diet than in those fed on a chow diet. It has been shown that a liquid diet accelerates the repair of gastric ulcer compared with a chow diet. 2 In the interdigestive state, the cyclic occurrence of phase III contraction is observed. 3 In the gastric antrum, phasic contraction occurs at almost a constant frequency. Thus the gastric distension and movement after ingestion of food cause mechanical strain on the gastric mucosal cells. However, the eVect of mechanical strain on gastric mucosal restoration has not been studied.
In this study, a diploid non-transformed epithelial cell line isolated from normal Wistar rat gastric mucosa (RGM1) was used. 4 These cells are significantly stimulated to proliferate by both keratinocyte and hepatocyte growth factors 5 and damaged by acid and pepsin. 6 Inducible cyclo-oxygenase 2 is essential for the proliferation of these cells. 7 Gastric mucosal restoration consists of cell migration and proliferation 8 . Adherence of cells to extracellular matrix is mediated through integrins. Integrins cluster while adhering to extracellular matrix in the presence of growth factors and recruit proteins such as vinculin, talin, and paxillin to form focal adhesion complexes, 9 10 which regulate cell migration and proliferation. 11 12 The Rho family is a well known member of the Ras superfamily of small guanosine triphosphatases which exhibit both GDP/GTP binding and guanosine triphosphatase activities. The Rho family regulates signal transduction from receptors in the membrane to a variety of cellular events related to cell morphology, 13 motility, 14 cytoskeletal systems, 15 and tumour invasion. 16 Rho triggers the formation of contractile stress fibres and focal adhesion complexes in Swiss 3T3 cells. 15 Rac, a member of the Rho family, induces lamellipodial protrusions and focal complexes in the lamellipodium in the same cells.
We studied the eVect of mechanical strain on migration and proliferation of gastric epithelial cells around the gastric mucosal wound in culture during wound healing. Furthermore, the role of mechanical strain on the cytoskeletal system, focal adhesions, and small GTPbinding proteins RhoA and Rac1 was assessed using an in vitro gastric wound repair model. 8 
Materials and methods

CELL CULTURE
RGM1 cells obtained from Riken Cell Bank (Tsukuba, Japan) were cultured in a 1:1 mixture of Dulbecco's modified Eagle medium and Ham's F12 medium (DMEM/F12) (Life Technologies, New York, New York, USA) supplemented with 100 IU/ml penicillin, 100 µg/ml streptomycin, 0.25 µg/ml amphotericin B and 10% fetal calf serum (Life Technologies) in a 5% CO 2 /air humidified atmosphere at 37°C. All the experiments were carried out before the 20th passage of the cells.
APPLICATION OF STRAIN TO CULTURED CELLS
RGM1 cells were cultured in six-well collagen type I coated silicone elastomer bottomed culture plates (BioFlex plate; Flexcell Corp, McKeesport, Pennsylvania, USA). Cells were subjected to mechanical deformation with the Flexercell Strain Unit (Flexcell Corp). The stress unit, described and characterised previously, 18 19 consists of a vacuum unit linked to a valve controlled by a computer program. When a precise vacuum level is applied to the system, the culture plate bottoms are deformed by a known percentage, which is translated to the cultured cells, resulting in strain. The force of the strain on the membrane during stretch at various vacuum levels has been calculated mathematically. 20 The force on attached cells is primarily in one axis, almost a radial strain. Furthermore, there is heterogeneity of strain across the membrane; cells in the periphery of the membrane experience high strain, whereas those in the centre experience relatively low strain. In this set of experiments, the flexible membrane bottoms were subjected to deformation by −3.2 and −8.2 kPa vacuum at 5 cycles/minute (six seconds of stretch alternating with six seconds of relaxation). Therefore the dimension of the cells adhering to the collagen type I coated silicone elastomer membrane was increased by an average of 5% (5% strain group) and 10% (10% strain group) in parallel with the radius of the monolayer (see fig 7) . Controls were grown on the same plates but not subjected to mechanical strain. Cell viability after strain treatment was constantly checked by trypan blue staining. Cells did not show any significant damage after being strained for 72 hours. , was made by cell denudation using a pencil-type mixer with a rotating silicone tip as reported previously. 8 The wounds were made at a constant distance (10 mm) from the centre of a 35 mm diameter well to avoid strain heterogeneity. Culture medium was then replaced with the same medium containing 1% fetal calf serum. Plates were placed on the Flexercell Strain Unit in the incubator and subjected to mechanical strain. In parallel experiments, other BioFlex plates not subjected to mechanical strain served as controls. Wound repair was monitored every 12 hours using an inverted phase contrast microscope (Nikon TMD; Nikon Tokyo, Japan) up to 72 hours. The cell-free area was measured with an IBASII computer image analyser (Carl Zeiss, Oberkochen, Germany).
BROMODEOXYURIDINE STAINING
Proliferating cells were stained by indirect immunohistochemical methods using monoclonal anti-bromodeoxyuridine (BrdU) (Sigma Chemical Co, St Louis, Missouri, USA) 21 antibody. Three groups were compared. In the first group, BrdU was added to the culture medium at a concentration of 10 µg/ml immediately after the wound was made, and this was followed by incubation for 24 hours (0-24 hour group). In the second group, BrdU was added 24 hours after wound formation and incubation was continued for 24 additional hours (24-48 hour group). In the third group, BrdU was added 48 hours after wound formation and incubation was continued for 24 hours (48-72 hour group). Samples were stained for BrdU using anti-BrdU monoclonal antibody (Novocastra Lab Ltd, Newcastle upon Tyne, UK) by standard techniques. The BrdU labelling index (number of BrdU positive cells/total number of cells per unit area (0.12 mm 2 ), expressed as a percentage) in controls and groups subjected to mechanical strain was calculated.
IMMUNOFLUORESCENCE MICROSCOPY
All solutions were prepared in phosphate buVered saline. Cells were thoroughly rinsed in phosphate buVered saline between stages, and incubations were performed at room temperature. For actin staining, cells were fixed with methanol for three minutes. F-actin was detected by rhodamine phalloidin (Molecular Probes, Eugene, Oregon, USA) staining. 22 For the staining of vinculin, an adhesion plaque protein, 23 cells were fixed with 4% paraformaldehyde and permeabilised using 0.1% Triton-X 100; they were then incubated overnight with a 1:50 dilution of monoclonal mouse vinculin antibody (Novocastra Lab Ltd). Cells were incubated with fluorescein isothiocyanate conjugated goat anti-mouse and then donkey anti-goat antibodies.
For RhoA and Rac1 staining, cells were fixed with ethanol for three minutes at −20°C. They were then incubated overnight with the primary antibodies, 1:10 diluted monoclonal mouse anti-RhoA (26C4; Santa Cruz Biotechnology, Santa Cruz, California, USA) and rabbit anti-Rac1 (C-14; Santa Cruz Biotechnology). Secondary antibodies used were fluorescein isothiocyanate conjugated goat anti-mouse for RhoA (Santa Cruz Biotechnology) and goat anti-rabbit for Rac1 (Santa Cruz Biotechnology).
Samples were evaluated and their appearance was recorded on a Zeiss Axiophot microscope (Carl Zeiss) with Ektachrome Dyna 400 films (Eastman Kodak Co, Rochester, New York, USA).
STATISTICAL ANALYSIS
Results were expressed as mean (SD). Statistical analysis was performed using analysis of variance and unpaired Student's t test. A level of p<0.05 was accepted as statistically significant (two-tailed).
Results
GASTRIC EPITHELIAL RESTORATION WITH AND WITHOUT MECHANICAL STRAIN
An artificial wound of constant size was made by mechanical cell denudation using a rotating silicone tip. The cell-free area was 2.00 mm 2 at wounding. In controls, the size of the cell-free area decreased gradually and was completely closed 72 hours after wound formation (fig 1) . In the groups subjected to 5% and 10% mechanical strain, wound healing was slower than in controls. Table 1 shows the healing rate in controls and 5% and 10% strain groups. The diVerences among controls and the 5% strain and 10% strain groups were statistically significant at 24 hours (p<0.05). Wound repair was inhibited by mechanical strain in a strength dependent manner. The diVerence between 5% and 10% strain was statistically significant from 36 hours after wounding (p<0.05) (table 1) . (table 2) was not significantly diVerent between the control group and groups subjected to mechanical strain until 24 hours, but it was significantly lower in the 24-48 hour group and the 48-72 hour group than in controls. The labelling index in the control group was about twofold higher than that of the 10% strain group and about 1.5-fold higher than that of the 5% strain group in the 24-48 hour group. The diVerence between 5% and 10% strain was significant from 24 to 72 hours after wounding. Detection of BrdU positive cells decreased in a strain strength dependent manner around the wound. In this study, BrdU positive cells were hardly detected in cells located more than 1 mm from the wound edge during wound healing in both control and experimental groups (data not shown). Polymerised actin was stained in the control group and the 10% strain group 24 and 48 hours after wounding. In controls, cells located at the margin of the wound formed lamellipodia and filopodia at both 24 and 48 hours ( fig  3A,B) . Specific actin fluorescence was more intense at 48 hours than at 24 hours in the lamellipodia formed in the cells at the edge of the wound. In cells treated with 10% strain, specific fluorescence for actin was rarely detected in the lamellipodia at the same time period (fig 3D,E) . The shape of the control cells was more elongated, and the gap between cells was wider compared with cells subjected to 10% strain at both 24 and 48 hours. The appearance of stress fibres in the cytoplasm was not significantly diVerent between controls and cells subjected to 10% strain at both 24 and 48 hours. On the other hand, in cells located more than 1 mm from the wound edge, actin fibre formation was not diVerent between the control and the 10% strain group (fig 3C,F) .
DISTRIBUTION OF FOCAL ADHESION PLAQUE
In controls, intense vinculin fluorescence was observed in the cells located at the margin of the wound, especially at the edge of the cells located around the wound, at both 24 and 48 hours ( fig 4A,B) . However, in the 10% strain group, fewer vinculin positive cells were observed at the margin of the wound, especially at 48 hours ( fig 4D,E) . The distribution and intensity of vinculin in cells remote from the 
Figure 2 Photomicrographs showing bromodeoxyuridine (BrdU) positive proliferative cells during restoration after wounding. In the control (A-C) and 10% strain (D-F) groups, they were detected around the margin of the wound. Their number was highest in the 24-48 hour group (B and E) and then decreased in the 48-72 hour group (C and F). Fewer BrdU positive cells were detected in the 10% strain groups than in controls, but the diVerence was not statistically significant until 24 hours (A and D). W, artificial wound. Original magnification × 200.
Figure 3 Fluorescence photomicrographs showing actin staining at the margin of the wound and remote from the wound edge. In the control, widely spread lamellipodia and many filopodia were observed at 24 hours (A) and 48 hours (B) at the margin of the wound. In the 10% strain group, few lamellipodia and filopodia were observed at 24 hours (D) and 48 hours (E) at the same place. In cells remote from the wound edge, actin formation was similar in the control (C) and 10% strain group (F) at 24 hours. W, artificial wound. Bar = 5 µm.
wound edge was similar in the control and 10% strain groups (fig 4C,F) .
RhoA AND Rac1 STAINING RhoA and Rac1 were stained in the control group and in the 10% strain group 24 and 48 hours after wounding. In controls, intense RhoA and Rac1 staining was observed in cells located at the margin of the wound. RhoA was detected homogeneously in cytoplasm by immunofluorescence staining (fig 5) . Rac1 was detected in cytoplasm surrounding the nucleus (fig 6) . When the control group and the 10% strain group were compared, RhoA and Rac1 were much more intensely stained in control cells than in the 10% strain group, especially in cells located at the margin of the wound, at both 24 and 48 hours after wounding ( fig 5A,B  and 6A,B) . Furthermore, specific intensity for both RhoA and Rac1 was stronger at 48 than at 24 hours after wounding. However, in cells located more than 1 mm from the wound edge, RhoA and Rac1 were weakly stained in both the control group and the 10% strain group (fig 5C,F and 6C,F).
Discussion
Mechanical strain was applied to RGM1 cells using a Flexercell strain unit with a frequency of 5 cycles/minute. The frequency of gastric peristaltic movement is 3 cycles/minute in man 24 25 and 5 cycles/minute in dog. 26 27 In rats, gland luminal pressure oscillates with a frequency of 4-6 cycles/minute. 28 We believe that our regimen corresponds to gastric peristaltic movement.
We have created a restoration model using primary cultured gastric mucosal cells that provides quantitative data. [29] [30] [31] [32] In the present study using a modification of this model in cultured RGM1 cells, the eVect of mechanical strain on migration, proliferation, and the cytoskeletal system of gastric epithelial cells was evaluated. Mucosal restoration consists of two steps, early stage cell migration (restitution), followed by both proliferation and
Figure 4 Fluorescence photomicrographs showing vinculin staining at the margin of the wound (A,B,D,E) and remote from the wound edge (C,E). In the control, many vinculin positive cells were observed, and vinculin staining was especially intense at the edge of cells around the wound at 24 hours (A) and 48 hours (B). In the 10% strain group, they were not readily apparent in the same area at 24 hours (D) and 48 hours (E). In cells remote from the wound edge, the distribution and intensity of vinculin were similar in the control (C) and 10% strain group (F) at 24 hours. W, artificial wound. Bar = 5 µm.
Figure 5 Fluorescence photomicrographs showing RhoA staining at the margin of the wound (A,B,D,E) and remote from the wound edge (C,F). RhoA was more intensely stained in cells located at the margin of the wound (A,B) than in areas remote from the wound (C) in the control. At the margin of the wound, RhoA was more intensely stained in the control (A,B) than in the 10% strain group (D,E) at both 24 hours (A,D) and 48 hours (B,E). In cells remote from the wound edge, RhoA was similarly stained weakly both in the control (C) and 10% strain group (F) at 24 hours. W, artificial wound. Bar = 5 µm.
restitution in primary cultured gastric mucosal cells around the wound. In cells located more than 1 mm from the wound edge, the rate of migration of gastric epithelial cells was very low and cell proliferation was hardly detected at all during wound healing. 32 In the early stage (0-24 hours), cell migration is the dominant process. Under normal conditions, the cell-free area became about 60% of the original wound size in the first 24 hours. However, it reached only 70% in the 5% strain group and 75% in the 10% strain group. As the BrdU labelling index was similar for these three groups, the diVerence in the speed of restoration among the three groups must have been caused by a diVerence in the speed of cell migration. After 24 hours of incubation, cell proliferation was considerably increased, and the BrdU labelling index was more than 80%. However, in cells subjected to mechanical strain, the wound was not covered at 72 hours. After 24 hours of stimulation, the BrdU labelling index was decreased to 68% of control values in the 5% strain group and 55% in the 10% strain group. Thus these studies show that mechanical strain inhibited both migration and proliferation of RGM1 cells around the wound.
However, the eVect of repetitive strain on intestinal epithelial Caco-2 cell monolayers is to promote proliferation in a strain strength dependent manner. 33 These findings are the opposite of ours. RGM1 cells are of gastric epithelial origin, however, whereas the Caco-2 cells are of intestinal origin. The diVerences between the Caco-2 and RGM1 cells may be the result of diVerences in species and diVerences between non-transformed and transformed cell lines. Caco-2 cells are a human colonic cancer derived epithelial cell line. Moreover our experiments were assessed under the influence of mechanical strain on wound healing. It is not unlikely that mechanical strain stimulates proliferation in Caco-2 cells whereas it inhibits cell migration and proliferation in RGM1 cells. In our study, migration and proliferation were assessed and compared between cells located close to the wound and remote from the wound. The cells located on the edge of the wound lose their neighbouring cells at wounding. The cells lose cell-cell contact and change their cell polarity, possibly because of the cytoskeletal derangement. Then, the cells were stimulated to migrate and proliferate in the absence of strain. 32 In cells more than 1 mm from the wound edge, migration and proliferation are slight and these cells were hardly aVected by mechanical strain. Mechanical strain may especially aVect the cells that changed their polarity with cytoskeletal derangement. Thus our model represents an eYcient method of examining and comparing the eVects of mechanical strain on migrating and proliferating cells. These factors are possibly some of the reasons why mechanical strain inhibited the migration and proliferation of RGM1 cells during wound healing.
The cytoskeletal system plays an important role in cell migration and proliferation. A previous study suggested that cytochalasin B, which blocks the formation of F-actin, and wortmannin, a myosin light chain kinase inhibitor, inhibited wound healing and cell migration and proliferation in primary cultured gastric epithelial cells. 8 30 In the present study, mechanical strain suppressed the formation of lamellipodia and filopodia, which are closely involved in the function of the cytoskeletal system, at the edge of cells around the wound. On the other hand, in cells remote from the wound edge, actin formation was not diVerent between the control and experimental group. These results suggest that mechanical strain inhibited cytoskeletal reassembly and modelling (fig 7, point 5) in the proliferating and migrating cells. Therefore it was suspected that mechanical strain retarded cell migration and proliferation.
Extracellular matrix (ECM) (fig 7, point 4) , as the ligand for integrin (fig 7, point 3) , modulates gastric mucosal wound healing. In our previous study, the wound healing rate was diVerent in each type of ECM. 31 Integrin plays an important role in mediating signals from the ECM. Integrin aggregation and specific tyrosine phosphorylation result in focal accumulation of some signal transduction molecules, including RhoA, Rac1, Ras, Raf, mitogen activated protein kinase, extracellular signal regulated kinase, and JUN kinase besides focal adhesion kinase. This signal transduction ( fig  7, point 1) activates mitogen activated protein kinases and modulates cell proliferation and gene expression. 34 Vinculin, talin, and -actinin, all adhesion plaque proteins, require both integrin aggregation and ligand occupancy for accumulation. Furthermore, if tyrosine phosphorylation proceeds, F-actin and associated cytoskeletal proteins accumulate. 35 This signal transduction ( fig 7, point 2) suggests cell movement via the cytoskeletal system (migration). In the present study, the cells located around the wound were more intensely stained for vinculin, RhoA, Rac1, and lamellipodial formation than cells remote from the wound edge in controls. These migrating and proliferating cells were activated by integrin mediated signal transduction. On the other hand, in the experimental group, vinculin, RhoA, Rac1 and lamellipodial formation were poorly expressed compared with the control in the same area. The reason may be that repetitive stretching of basement membrane inhibited the integrin aggregation in only the migrating and proliferating cells.
Furthermore, the formation of integrin adhesion complexes is activated by Rho or Rac in response to growth factors and lysophosphatidic acid. 36 The small GTP binding protein Rho family has emerged as key regulators of actin cytoskeleton. In small intestinal crypt cells, Rho are essential elements of the mechanism by which growth factors induce cell migration to restore mucosal integrity. 37 Mechanical strain induces growth of neonatal rat smooth muscle cells and increases the autocrine response to platelet derived growth factor. 38 In this experiment, it is not known whether mechanical strain therefore inhibits the appearance of RhoA and Rac1 via growth factor mediated signal transduction in cells located at the margin of the wound.
In summary, mechanical strain inhibited the migration and proliferation and suppressed the expression of lamellipodial formation, vinculin, RhoA, and Rac1 of cultured normal gastric mucosal RGM1 cells around the wound edge. The mechanical strain induced delay of cellular migration and proliferation may support the suggestion that a liquid diet accelerates the repair of gastric ulcers compared with a chow diet in vivo. 2 Therefore, although many factors aVect gastric ulcer healing, repetitive mechanical strain may directly influence retardation of gastric mucosal wound healing in vivo. 
